The present paper introduces the Automatic Waveform Selection (AWS) method for identifying the Electrostatic Solitary Waves (ESW) observed by Plasma Wave Instrument (PWI) onboard the Geotail spacecraft. Since the proposed method is based on the bit-pattern comparison, it does not require a lot of computer resources and the process speed is much faster than other pattern matching method using the First Fourier Transformation or the Wavelet transformation. We define the ESW index using the proposed AWS method. The ESW index allows us to perform statistical analyses by calculating it from a huge amount of Geotail data sets. We describe the detailed procedure of this new method for identifying the ESW waveforms and evaluate its efficiency. Further, we show one example of the statistical analyses conducted by using the AWS method, and discuss the result consulting the plasma electron measurements.
Introduction
The main objective of the Plasma Wave Instrument (PWI) onboard the Geotail spacecraft is to investigate plasma wave phenomena in the geomagnetic tail region and to study the microscopic processes such as wave-particle interactions (Matsumoto et al., 1994a) . One of the important achievements of the Geotail PWI is the discovery of Electrostatic Solitary Waves (ESW) in the Plasma Sheet Boundary Layer (PSBL) by using the Wave-Form Capture receiver (WFC), which was newly designed for collecting waveforms of electric and magnetic components up to 4 kHz (Matsumoto et al., 1994b) . The ESW were initially reported as the waveforms of Broadband Electrostatic Noise (BEN) observed in the PSBL. Since many theoretical attempts based on the observations in the frequency domain have not succeeded in understanding the generation mechanism of BEN, the discovery of the ESW provided a breakthrough in the study of BEN.
The rapid progress of studies on the ESW have been made under the collaboration of spacecraft observations and computer simulations. Matsumoto et al. (1994b) and Omura et al. (1994) performed computer simulations on electron two-stream instabilities and pointed out that the ESW in the PSBL region correspond to electron holes in the velocity phase space and that such electron holes were produced as a result of nonlinear evolution of electron two-stream instabilities. They showed that the produced electron holes are very stable in time, which are equivalent to the Bernstein-GreeneKruskal (BGK) mode (Bernstein et al., 1957) . However, since such a two-streaming electron distribution is not realistic in the PSBL region, Omura et al. (1996) examined electron distribution dependence of nonlinear evolutions of Copy right c The Society of Geomagnetism and Earth, Planetary and Space Sciences (SGEPSS); The Seismological Society of Japan; The Volcanological Society of Japan; The Geodetic Society of Japan; The Japanese Society for Planetary Sciences. the electron beam instabilities by performing many simulation runs and they concluded that the most plausible generation mechanism of ESW observed in the PSBL region is the electron bump-on-tail instability.
Other spacecraft observations in various regions of the magnetosphere confirmed that solitary waves similar to ESW observed by the Geotail are common plasma phenomena in space plasmas. First observations of solitary waves (structures) were reported by Temerin et al. (1982) . They were observed in the middle altitude of 6400 km in the polar atmosphere by the S3-3 satellite. Further, after the discovery of the ESW by the Geotail, a series of new solitary waves has been observed in the polar region, solar wind, and bow shock by the Fast, Polar, Wind, and Geotail spacecraft Bale et al., 1998; Ergun et al., 1998; Franz et al., 1998; Mangeney et al., 1999) .
In order to confirm the generation mechanism proposed by computer simulations, we need to compare the observation results of ESW with the ESW properties predicted by computer simulations. However, the discussions only for a few selected events are not enough. In order to understand properties of ESW, it is necessary to perform statistical analyses using observed waveform data. The statistical analyses on the ESW require to collect ESW waveforms among a huge amount of data sets as much as possible. Such a process is very tough when we pick up ESW waveforms one by one only with our own eyes. Therefore, we need to develop a method for selecting ESW waveforms automatically among a huge amount of observation data using numerical calculations.
The goal of the present paper is to develop the Automatic Waveform Selection (AWS) method for ESW observed by the Geotail spacecraft. The developed method should satisfy the following conditions:
1) The computer resources (CPU and memory) should be minimized so that a huge amount of data sets can be processed efficiently on a computational platform.
2) The selection should be correct as much as possible.
3) The method should yield information on amplitudes and pulse widths of the ESW as well as types of their waveforms.
The AWS method which we describe in the present paper is very simple, but its efficiency is very high because it utilizes a bit-pattern comparison method instead of Fourier transformation or Wavelet transformation, which are frequently used for pattern recognitions. Note that the detailed results of statistical analyses on ESW using this method is described in Kojima et al. (1999b) .
Since the method which is described in the present paper is very general, it can be applied to other data sets which are observed by spacecraft, such as automatic selection of particular velocity distribution functions for ions/electrons. Figure 1 shows an example for the representative waveforms of ESW observed at (GSM X , GSM Y , GSM Z ) = (−118, 4.3, 0.7 R E ) on April 1st, 1993. Two components of waveforms shown in Fig. 1 are detected by two sets of orthogonal electric field dipole antennas with the length of 100 m tip-to-tip. Their characteristic pulse widths and inter-pulse widths are a few milliseconds and a few tens of milliseconds, respectively. Matsumoto et al. (1994b) and Kojima et al. (1997a) showed that these solitary waves correspond to isolated electrostatic potentials traveling along the ambient magnetic field.
Electrostatic Solitary Waves
Computer simulations using the full particle simulation code succeeded in reproducing waveforms of ESW (Matsumoto et al., 1994b; Omura et al., 1994; Omura et al., 1996) . They showed that ESW correspond to electron holes in the phase space and that they can be generated as the result of the nonlinear evolution of the electron bumpon-tail instability. Based on the computer simulation results, the generation of ESW and their expected characteristics are summarized as follows:
1) The nonlinear evolution of Langmuir waves excited by electron bump-on-tail instability results in the formation of isolated positively charged potential structures, which are equivalent to the BGK solution corresponding to electron holes in the velocity phase space.
2) Before reaching the final stage of the nonlinear evolution, the two-dimensional potential structure can be seen in the simulation space. However, the diffusion process due to electron cyclotron motion forces their two-dimensional structure to be reduced to the onedimensional structure uniform in the direction perpendicular to the ambient magnetic field.
3) The generated isolated potentials travel along the ambient magnetic field in the same direction of the electron beam with almost the same velocity of the electron beam.
In order to confirm the above results of computer simulations, we need to perform quantitative statistical analyses by collecting waveform data as many as possible. Since picking up ESW among huge amounts of Geotail waveform data needs tremendous efforts and time, we apply the pattern recognition method to select ESW waveforms from the Geotail data automatically.
There exist many kinds of useful methods based on the numerical calculations such as Fourier transformation or Wavelet transformation for identifying a specific pattern automatically among data sets. However, since the total amount of data sets of Geotail waveform observations for the time period more than 7 years after the launch is very huge, we need to make use of the method, which does not require a lot of computer resources such as CPU power and size of memories. Thus, we adopted a bit-pattern comparison method, which we introduce in the following section.
Basic Concept
The automatic selection method for picking up ESW waveforms, which we introduce in this section, is based on the bit-pattern comparison method. Figure 2 schematically illustrates this bit-pattern comparison method in the case of applying it for ESW.
Since the information of the phase of ESW waveforms is important in order to identify their traveling direction relative to the direction of the ambient magnetic field (details on identifying ESW traveling direction should be referred to Kojima et al. (1999a) ), we prepare two kinds of waveforms with opposite phase polarities as the sample ESW waveforms (see Figs. 2(b) and (c)). By comparing these two sample waveforms with observed Geotail waveform data (a) as the bit-pattern, we can identify the sample waveforms in the observed data by the following procedures. 1) Making a bit-pattern consisting of '0' and '1' for a sample ESW waveform. In this example shown in Fig. 2 , the amplitude of waveform is described in 11 bits. The sampling frequency is 12 kHz in time domain. 2) Making a bit-pattern consisting of '0' and '1' for observed ESW waveforms.
3) Calculating Exclusive OR between the above two bitpatterns.
4) Calculating the number of '1' in the result of the above Exclusive OR calculation (We address this number "Distance").
"Distance" represents how much the sample waveform resembles the observed waveform. When the sample waveform completely corresponds to the observed one, the Distance should be equal to zero. Thus, we can recognize the existence of ESW from small value of the Distance.
The above is the basic concept of the bit-pattern comparison method. In this method, since we do not make use of any complex calculation such as the Fourier transformation or Wavelet transformation, it does not require a lot of computer resources. Further, since the combination number on the result of Exclusive OR calculation between two patterns sampled with M bits in their amplitudes is very limited, we can prepare a table of M × M matrices in advance and obtain the result of Exclusive OR only by accessing the table without any calculations in each step.
ESW Index
By using the above-mentioned method, we define the ESW index, which represents the existence of ESW type waveforms among the observed waveform data. The following procedure is conducted in generating the ESW index (see Fig. 3 ). . . . , N ) corresponding to N sample times from the observed waveform data.
1) Cutting out the waveform data (x(i)
2) Removing the DC (Direct Current) component by subtracting the average of N sampled amplitudes as follow:
3) Searching for maximum absolute amplitude (A max = |x (i)| max ). If the obtained maximum absolute amplitude is less than the threshold level, which is specified in advance, we ignore the data set of N points and skip the following procedure and examine the next N data.
4) Normalizing the data using A max .
5) Quantumizing the amplitudes with M bits (in the present analysis, we quantumize the amplitudes in 64 bits (M = 64)).
6) Performing the bit-pattern comparison and calculating the Distances (D 1 and D 2 ) for two kinds of sample waveforms as described in the previous section. 
9) From D 1 and D 2 , we obtain the ESW index as:
When we survey the time variation of the ESW index, we continue to perform the above procedure repeatedly for the observation data by shifting a sample waveform in time.
The ESW index means how much the observed waveforms resemble the prepared two sample waveforms with opposite phase polarities. The large positive or negative value of the ESW index means that the observed waveforms match the Sample 1 and Sample 2 waveforms, respectively.
In order to identify the ESW with different pulse widths, we need to compare observed waveforms with several sample waveforms with different pulse widths. Therefore, we need to repeat the above procedure using different sample waveforms in order to identify the ESW with different pulse widths. Since smaller number of sample waveforms to be compared is better in order to save the CPU time, in Section 6 we discuss the appropriate number of sample waveforms to be prepared in advance.
As we discuss in the later section, the information on the pulse width and peak amplitude of the ESW is very important. Since we search for the maximum amplitude in order to normalize observed waveform data (step 3 in the above procedure), we can obtain the information on the positive and negative peak amplitudes of ESW and their time duration (τ pp ), simultaneously. Figure 4 shows an example of identifying the ESW using the above AWS method. The upper panel shows the observed waveforms of electric field component parallel to the ambient magnetic field (E ). The data set shown in Fig. 4 is observed on January 13, 1994 at (GSM-X , GSM-Y , GSM-Z ) = (−95, 11, −4 R E ) and we find that they contain many ESW waveforms.
The lower panel in Fig. 4 shows the corresponding ESW index defined by Eq. (3). When we compare these two panels, we find that each ESW index identifies each ESW waveform very well. Further, from the sign of the ESW index, we recognize that most of ESW waveforms included in this data set correspond to the Sample waveform 2 shown in Fig. 3 . The ESW index misses identifying two ESW waveforms which appear at 13:10:35.184 (UT). This error is caused by the fact that the inter-pulse width between these two ESW is too short relative to their pulse widths. However, if we compare them with the sample waveform with a shorter pulse width, we can pick them up as the ESW waveforms.
Definition of ESW Pulse Width
The sample waveform for ESW is generated under the approximation of Gaussian potential model (Krasovsky et al., 1997) . The Gaussian potential structure and corresponding spatial waveform of electric field are defined as
Thus, the sample model waveform of ESW in the time domain is described as
where τ = λ V , and V is the velocity of ESW potentials. We generate the sample model pattern of ESW from Eq. (6) (see Fig. 5 ).
The pulse width of ESW provides important information for evaluating potential scales and potential depths. The definition of the pulse width is ambiguous, but in our statistical analyses, we make use of the time interval (τ pp ) between two peak amplitudes |E max | of ESW waveforms for its definition because they are easy to be identified in the waveform data. |E max | is obtained at t = ± τ √ 2 in the above Gaussian potential model (see Fig. 5 ). Thus, we define the pulse width (τ ESW ) of ESW as three times of time interval of two peak amplitudes as follow 
Response of the ESW Index to ESW with Different Pulse Widths
As we described in the Section 4, the ESW index is obtained by applying two sample waveforms with opposite phase polarities and same pulse width to a series of observed waveform data. However, since the ESW have various pulse widths, we need to prepare several kinds of sample ESW waveforms with different pulse widths. In order to prescribe the appropriate number of sample ESW waveforms, the response of the ESW index for ESW with various pulse widths should be investigated. Figure 6 shows the dependence of the ESW index on various ratios between the pulse width of the ESW (s 1 msec) and the pulse width of sample ESW waveform (s 2 msec). The result shown in Fig. 6 is obtained by numerical calculation using simulated ESW waveforms as observed data and sample waveforms. The response of the ESW index to the Electrostatic QuasiMonochromatic Waves (EQMW), which are the waveforms of the Narrowband Electrostatic Noise (NEN).
We find that the ESW index responds in the wide range of s 1 /s 2 ratio. It is evident that the ESW index (I ESW ) reaches the maximum value "1" in s 1 = s 2 . As the ratio of s 1 /s 2 varies from the unity, the ESW index gradually decreases. From this figure, when the ESW index obtained from the sample waveform with one pulse width is beyond 0.3, we can identify the ESW with the pulse width ratio (s 2 /s 1 ) from 0.5 to 1.82.
Based on the above result, the number of prescribed sample ESW waveforms is decided. Since the ESW pulse width is typically equal to a few milliseconds to a few tens of milliseconds, we prepare 5 sets of sample waveforms with the pulse widths of 1.0, 2.0, 4.0, 8.0, and 16.0 msec. When we judge the existence of ESW by the ESW index beyond 0.3, we can identify the ESW with the pulse widths from 0.5 msec to 29.1 msec.
Response of ESW to Other Waveforms
When we apply the AWS method to the Geotail data, we need to confirm the reliability of this method. The present section provides examples, which show that the ESW index does not misread other waveforms as ESW waveforms. As we described in Section 3, the ESW index is defined for the waveforms of electric field component (E ) parallel to the ambient magnetic field. The typical plasma waves with E component observed by Geotail in the geomagnetic tail region are the electrostatic waves which propagate along the ambient magnetic field. They are mainly classified into ESW, Electrostatic Quasi-Monochromatic Waves (EQMW) as waveforms of Narrowband Electrostatic Noise (NEN), and Modulated Electron Plasma Waves (MEPW) (Kojima et al., 1997a; Kojima et al., 1997b) . Therefore, we need to confirm that the ESW index can distinguish ESW waveforms from these EQMW and MEPW waveforms. Figures 7 and 8 show that the results in applying the AWS method to the waveforms of lobe EQMW and MEPW, respectively. The EQMW waveforms in the upper panel of Fig. 7 is observed in the tail lobe region on July 30, 1993 at (GSM X , GSM Y , GSM Z ) = (−112, −36, 19 R E ). The continuous sinusoidal waveforms are the typical waveforms (EQMW) of the NEN observed in the magnetosheath region (Kojima et al., 1997a) . Since in this case the oscillation period is about equal to one millisecond, we calculate the ESW index using the sample pattern with the pulse width of 1 msec. As shown in the lower panel, the response of the ESW index in this case is very low. Only small ESW index less than 0.25 can be seen. Since the threshold level for identifying ESW is I ESW = 0.3, the EQMW waveforms are not identified as ESW waveforms.
The intense waves with amplitude modulations displayed in Fig. 8 is the MEPW observed in the lobe region close to the PSBL on January 13, 1993 at (GSM X , GSM Y , GSM Z ) = (−95, 11, −4 R E ). The frequency of the MEPW is equal to the local electron plasma frequency. In this case, the frequency is about equal to 2 kHz and the oscillation period is 0.5 msec. Therefore, we apply the sample ESW waveform with the pulse width of 0.6 msec to these displayed waveforms. The response of the ESW index is shown in the lower panel. We find that the ESW index does not show any response to the MEPW waveforms.
As shown in the present section, the ESW index does not respond to the different waveforms of electrostatic waves observed in the geomagnetic tail region. These results demon- strate the high reliability of the ESW index defined in the present paper.
Application of the ESW Index
The AWS method for ESW allows us to pick up ESW waveforms automatically among a plenty of waveform data without any complex procedures. In the present section, we apply this method to one event, which was observed on January 13, 1994 as one example in order to show the ability of this method (The detailed achievement on the ESW study based on the statistical analyses conducted by this method is discussed by Kojima et al. (1999b) ).
The Geotail was located in the distant tail region at (GSM X , GSM Y , GSM Z ) = (−95, 11, −4 R E ) on January 13, 1994. This event is introduced by Kojima et al. (1999a) as an event that both earthward and tailward traveling ESW are observed in the relation to the slow mode shocks. Figure 9 is the histogram displaying the number of ESW identified by the present automatic selection method during one WFC sampling sequence starting from 13:10:35.086 (UT). The upper and lower panels show the distributions of the identified ESW in their pulse widths and in their amplitudes, respectively. Further, positive and negative values in the pulse width and in the amplitudes represent those of the ESW traveling earthward and tailward directions, respectively.
As introduced by Kojima et al. (1999a) , this statistical analysis displays that both tailward and earthward traveling ESW are observed in this event. Further, while the pulse widths of earthward traveling ESW mainly fall into the range less than 3 msec, those of tailward traveling ESW are distributed in the wider range less than 11 msec. This result is consistent with the observation model proposed by Kojima (1999a) . They explained simultaneous observation of the tailward and earthward traveling ESW by the model relating to the slow mode shock and the distant neutral line.
In this model, while the tailward traveling ESW is generated in the upstream region of the slow mode shock, which is located in the earthward side of the spacecraft, the earthward ones are emitted from the distant neutral point, which is assumed to exist around X = −100R E . Regarding this event, although Kojima et al. (1999a) introduced only representative waveforms traveling in both directions, the present AWS method allows us to examine the statistical characteristics of this event as shown in Fig. 9 . Figure 10 shows the reduced electron velocity distribution function (panel(a)) detected by Low Energy Particle experiment (LEP) in the same event (Mukai et al., 1994) . The tailward and earthward components correspond to the negative and positive velocities, respectively. This reduced electron distribution function possesses the evident high energy tail component in the tailward direction. Omura et al. (1999) extracted "beam components" from this reduced electron velocity distribution as shown in Fig. 10(b) . The main component of electron beams appears in the tailward direction and the slower beam component also exists in the earthward direction. These two electron beams seem to correspond to the tailward and earthward traveling ESW, respectively. According to the ESW model as the electron hole in the phase space, which is proposed by Matsumoto et al. (1994b) and Omura et al. (1994) , the electrons trapped by ESW potentials produce high energy tail corresponding to their traveling directions in their velocity distribution functions. The results shown in Figs. 9 and 10 are very consistent with the ESW generation model.
Summary
The present paper described the new method for selecting ESW waveforms automatically from a huge amount of the Geotail data sets. Since this method utilizes the bit-pattern comparison, the computer resources to be required are minimal, and its procedure is very simple. We can quickly extract the ESW waveforms from the data sets. Further, we can also obtain the information on their pulse widths and peak amplitudes, simultaneously. This AWS method allows us to perform the statistical analyses on the ESW. As one example, the distribution of ESW pulse widths was presented, showing good agreement with the electron measurements. The quantitative analyses of the results using this method are presented by Kojima et al. (1999b) .
This method can be applicable to the data sets observed by other instruments as well as to other kinds of waveforms observed by the plasma wave receiver. The similar method was used in order to identify the shape of velocity distribution functions automatically in the Pioneer Venus mission (private communication with Crawford and Hammond). We can also apply this method to identify structures of the DC magnetic fields or DC electric fields. We hope that the present new method of identifying the ESW waveforms is extended to other applications in this research field.
